ABSTRACT: The contribution of Resistive Plate Chamber (RPC) to muon reconstruction in CMS has been studied on a sample of muons collected in proton-proton collisions at √ s = 7 TeV at the LHC in 2011. Muon reconstruction is performed using the all-silicon inner tracker and with up to four stations of gas-ionization muon detectors. Drift Tubes and Cathode Strip Chambers detect muons in the barrel and endcap regions, respectively, and are complemented by the RPC system. Measured distributions of reconstructed hits in the RPCs crossed by muons from Z 0 decays with a transverse momentum p T above 20 GeV/c are well reproduced by the Monte Carlo simulation. From the samples of J/ψ and Z 0 events, the efficiencies for muons with and without the inclusion of the RPC hits in the muon track reconstruction are measured and compared with the simulation. Using RPC information in track reconstruction improves up to about 3% of offline reconstruction efficiency for the muons in the region of p T above 7 GeV/c, in good agreement with simulation.
Introduction
The key to new discoveries and precision measurements at the Large Hadron Collider (LHC) is the ability of excellent muon identification, triggering and precise momentum reconstruction with high efficiency. The muon system of the Compact Muon Solenoid (CMS) experiment [1] and the muon reconstruction algorithms have been designed to achieve these goals. The focus of this paper is the contribution of the RPC sub-system to the muon identification and reconstruction capabilities, alongside the Drift Tubes (DT) and Cathode Strip Chambers (CSC) independent sub-systems.
Muon reconstruction is performed using the central tracker and with all three muon detector systems. Due to the redundancy provided by the combination of DT (CSC) and RPC in the barrel (endcap) region, it is expected that the inclusion of the RPC measurements in the muon reconstruction can improve the reconstruction of low momentum muons, especially in the case where the muons escape through the gaps between the wheels in which the chambers are divided along the axis parallel to the beam, leaving hits in only one DT station. Thus, the analysis presented here shows the impact of the RPC hits on the offline reconstruction of the muons from the resonance decays of J/ψ → µ + µ − events in the region of p T below 20 GeV/c and Z 0 → µ + µ − events in the region of p T above. Furthermore, the number of reconstructed hits in the RPC chambers which could be associated to a muon track has been compared to the Monte Carlo (MC) expectations.
Detector Layout
A schematic view of the CMS detector is shown in Figure 1 . The muon system covers the pseudorapidity region |η| < 2.4 [2] . DTs and CSCs detect muons in the regions of |η| < 1.2 and 0.9 < |η| < 2.4, respectively, and are complemented by the RPC system covering the range of |η| < 1.6 [3] .
For the study of the RPC contribution to muon reconstruction, we define three regions in the detector, referred to as barrel (|η| < 0.8), transition (0.8 < |η| < 1.2), and endcap (1.2 < |η| < 1.6). The current design of the RPC endcap is not expected to be suitable for high particle rates at high η -1 - in the scenario of an LHC luminosity going up to 10 34−35 cm −2 · s −1 . There is ongoing work in identifying suitable technologies to instrument the high η region up to 2.4 matching the CSC system. The RPCs are used at trigger level and also in the standard offline muon reconstruction.
In the barrel region the muon chambers are organised in four coaxial stations, interleaved with iron return yokes. A station is an assembly of chambers around a fixed value of r in the barrel (or z in the endcap). Each of the two inner stations (MB1, MB2) contains layers of DTs sandwiched between two layers of RPCs, whereas each of the two outer stations (MB3, MB4) consists of one layer of RPCs and layers of DTs. Along z, these barrel stations are grouped into five wheels, which are in turn divided into twelve φ sectors. Similarly in the r direction in the endcaps there are rings of CSCs, increasing with the radial distance from the beam line. Each endcap ring is composed of 36 chambers covering the full azimuthal range. The endcap region is composed of three iron disks holding a total of three RPC planes and four CSC planes on each side (plus/minus) along z.
RPC Hits in Muon Reconstruction
Muon tracking in CMS can be performed with the silicon tracker, and with either three or four stations of muon chambers installed outside the solenoid, sandwiched between steel layers serving both as hadron absorbers and as a return yoke for the magnetic field [4] .
Three types of muon-track reconstruction were designed for muons originating from the LHC proton-proton collisions. Muon tracks can be reconstructed by using hits in the muon detectors alone (standalone muons). Alternatively, the reconstruction can combine hits in the muons detectors with those in the central tracker (global muons). The muon system can also be used purely to tag extrapolated tracks from the central tracker; such tracks qualify as tracker muons if at least one muon segment (i.e. a short track stub made of DT or CSC hits) matches the extrapolated track.
For the reconstruction of the standalone-or global-muon track, at least two measurements, one of which must be of the DT or CSC segment, must be matched within the muon system. The RPC -2 - hits are used by default in the standard muon reconstruction. Figure 2 shows the number of RPC hits associated to global muons for the barrel, transition and endcap regions. Figure 3 shows the average number of RPC hits of global muons as a function of η and φ for given η regions. The dips in the barrel η around ±0.25 and ±0.8 are due to the gaps between the 5 wheels of the yoke. Similarly, the oscillations in the φ distribution for RPC hits with |η| < 1.2 are due to the cracks between the adjacent sectors. There is a small bias from the Z 0 event selection with at least one muon triggered. The error bars indicate the statistical uncertainty and are smaller than the points.
Muon Efficiencies including or excluding RPC hits
In this study we measure the efficiency of the selections with given p T thresholds for low (3.5 < p T < 7 GeV/c and 7 < p T < 20 GeV/c) and high p T muons (p T > 20 GeV/c) based on the following muon identification variables. χ 2 divided by degrees of freedom in the global-muon track fit is less than 10, and its corresponding tracker track must use more than 10 silicon tracker hits and have a transverse impact parameter |d xy | < 2 mm with respect to the primary vertex. The minimal number of measurement points in the tracker is also required for the muons from the J/ψ decays. A global-muon track can be fitted combining hits from the tracker track and standalone-muon track, using the Kalman-filter technique [5] . The efficiency for global muons in the standard CMS reconstruction that uses RPC hits in the global fit (ε withRPC ) was measured and compared with the efficiency for muon reconstruction when RPC hits are excluded from the global fit (ε withoutRPC ). In this way the RPC contribution to the global muon reconstruction efficiency is evidenced.
For these efficiency measurements, one can use the events with well known resonance decays into a pair of muons and consider one of the muons as the tag to probe the efficiency using the other muon. The tag is a well isolated muon, while the probe has less stringent selection requirements without isolation. We used the samples of Z 0 and J/ψ events corresponding to an integrated luminosity of about 1 fb −1 and 4 fb −1 , respectively: the simulated processes are Z 0 → µ + µ − and J/ψ → µ + µ − only. Events are selected from samples collected using the high-p T single-muon trigger and the dedicated J/ψ triggers to enrich the purity of the low-p T single-muon trigger by selecting events in which the muon track can be paired to a tracker track of opposite charge yielding an invariant mass close to that of the J/ψ peak. The tag is a global muon with the following additional requirements: associated with at least two track segments in different muon stations and at least one muon chamber hit included in the global-muon track fit. To further purify the sample the isolation cuts based on the tracker and calorimeters have been applied only for high-p T muons.
To measure efficiency for high-p T muons, the probe is a tracker track fulfilling the following selection criteria, p T > 20 GeV/c, |η| < 1.8 and at least 10 hits in the tracker, so there is no bias from the muon sub-detectors. The tag and probe tracks are also required to share the same primary vertex. The invariant mass of the tag and probe tracks is fitted to extract the signal event yields for both the denominator and the numerator on the efficiency ratio, requiring all probes in the numerator match a global muon candidate reconstructed with and without the RPC, respectively. Figure 4 shows the efficiency of the muons coming from Z 0 decays, for both data and MC samples, by applying a tag-and-probe technique to obtain almost unbiased estimates. The standard global muon reconstruction with RPC is more efficient than the global muon reconstruction without RPC over the full p T and η ranges, because it requires at least one muon segment if a segment matches at least one RPC hit within the muon system. The efficiency drops with excluding the RPC in the global muon reconstruction, which varies from a few percent to 3% depending on η.
The ratio between the efficiencies for global muons reconstructed with and without the RPC (ε withoutRPC /ε withRPC ) is shown in Figure 5 as a function of η and p T , respectively. The results on data are compared with the ones extracted applying the same procedure on MC samples. Overall, there is good agreement between data and simulation in both the efficiencies and shapes of the distributions. Some discrepancies result from imperfect simulation of local detector conditions, affecting for example the muon identification efficiency [2] .
In the case of the J/ψ events, combinatorial backgrounds from other tracks in the event are high. Hence, for the muon efficiency at low p T , the probe is a global muon with at least 10 hits in the tracker. Figure 6 shows the efficiency for muons that have been reconstructed with the standard algorithm (including RPC hits) to also be reconstructed once RPC hits are excluded. The top plot shows the p T dependence of efficiency and the only significant discrepancy is around the turn-on of the efficiency curves, where the efficiency in data is systematically higher than that in the simulation (in the region |η| < 1.2 as shown in the bottom-left plot). This discrepancy arises from a difference in the widths of the track-to-segment pulls between data and simulation. The bottom plots show efficiencies for muons in the events selected by J/ψ triggers with different thresholds on p T .
-5 - Some of tag-probe pairs may come from the resonance decays, while other tag-probe pairs will be combinatorial background, where the probe is usually a charged hadron. This combinatorial background can be removed in a simultaneous fit to the invariant mass spectra for passing and failing probes with identical signal shape and appropriate background shapes. The normalizations of the signal shapes in the two spectra are used to compute the efficiency.
The uncertainty on the fitted efficiency is determined from the likelihood function. As normalizations of signal and background, efficiency of the background, and parameters controlling the shapes of the signal and background are all parameters of the fit, the uncertainty includes the contributions from the background subtraction procedure. When the background is large, as in the lower mass resonances, the uncertainty on the efficiency obtained by the fit is purely statistical [2] . The typical statistical uncertainty on the J/ψ results presented here was estimated to be about 1%.
As a result, exclusion of the RPC hits in the global muon reconstruction degrades the muon efficiency by 1% on average, and to about 3% in the gaps between the wheels corresponding to certain eta region, with tracker tracks from Z 0 decays for p T > 20 GeV/c identified as possible muon candidates by applying the tag-and-probe method. We see an overall good agreement between data and MC simulation within the uncertainties. Similar results are obtained with the muons coming from J/ψ decays with 7 < p T < 20 GeV/c. Preliminary results on collision data at higher luminosities were checked and differences were found to be negligible.
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Conclusions
The standard CMS muon reconstruction is performed using the central tracker and with all three muon detector systems: DT, CSC, and RPC. The RPC contribution to muon reconstruction has been studied using data collected in proton-proton collisions at √ s = 7 TeV during the 2011 LHC run. Tag-and-probe techniques were used to measure offline reconstruction efficiency for the muons in the region of p T above 3.5 GeV/c using the well known resonance decays. Using RPC hits in the muon track reconstruction improves efficiency of reconstructing J/ψ and Z 0 events with muons in the gaps between the 5 wheels of the yoke (at |η| = 0.25 and 0.8) and the transition region between the barrel outer wheels and the endcap disks (0.8 < |η| < 1.2). The efficiency for reconstructing muons in the region of p T above 7 GeV/c improves up to about 3% by the RPC chambers, in good agreement with simulation.
